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Small conductance Ca2+-activated K+ (SK) channels
and voltage-gated A-type Kv4 channels shape den-
dritic excitatory postsynaptic potentials (EPSPs) in
hippocampal CA1 pyramidal neurons. Synaptically
evoked Ca2+ influx through N-methyl-D-aspartate
receptors (NMDARs) activates spine SK channels,
reducing EPSPs and the associated spine head
Ca2+ transient. However, results using glutamate
uncaging implicated Ca2+ influx through SNX-482-
sensitive (SNX-sensitive) Cav2.3 (R-type) Ca
2+ chan-
nels as the Ca2+ source for SK channel activation.
The present findings show that, using Schaffer collat-
eral stimulation, the effects of SNX and apamin are
not mutually exclusive and SNX increases EPSPs in-
dependent of SK channel activity. Dialysis with 1,2-
bis(o-aminophenoxy)ethane-N’N’N’-tetraacetic acid
(BAPTA), application of 4-Aminopyridine (4-AP), ex-
pression of a Kv4.2 dominant negative subunit, and
dialysis with a KChIPs antibody occluded the SNX-
induced increase of EPSPs. The results suggest
two distinct Ca2+ signaling pathways within dendritic
spines that link Ca2+ influx through NMDARs to SK
channels and Ca2+ influx through R-type Ca2+ chan-
nels to Kv4.2-containing channels.
INTRODUCTION
Excitatory postsynaptic responses are initiated primarily by the
activation of ionotropic glutamate receptors that depolarize
the spine membrane potential and mediate Ca2+ influx. These
effects provide for the secondary activation of voltage- and
Ca2+-dependent channels that can modulate and shape the
synaptic responses. One example is small conductance Ca2+-
activated K+ (SK) channels in CA1 pyramidal neurons that
are activated locally by synaptically evoked Ca2+ influx. Their
repolarizing influence reduces excitatory postsynaptic poten-
tials (EPSPs) and the associated spine head Ca2+ transient
by promoting Mg2+ block of N-methyl-D-aspartate receptors(NMDARs). Therefore, blocking synaptic SK channels with apa-
min, a selective antagonist of SK channels, boosts EPSPs by
as much as 50% and is reflected by an increase in the spine
Ca2+ transient (Ngo-Anh et al., 2005). Immunoelectron micro-
scopy (immuno-EM) demonstrated expression of one of the SK
subunits, SK2, in the postsynaptic density (PSD) where SK2
immunoparticles were codistributed with immunoparticles for
NMDARs (Lin et al., 2008). The colocalization of synaptic SK2-
containing channels and NMDARs, taken together with the abil-
ity of either NMDAR blockers or dialysis with the Ca2+ buffer 1,2-
bis(o-aminophenoxy)ethane-N’N’N’-tetraacetic acid (BAPTA)
but not EGTA, in the patch pipette solution to occlude the effects
of apamin, suggested that SK channels and their Ca2+ source
reside within 25–50 nm and that synaptically evoked Ca2+ influx
through NMDARs activates SK2-containing channels (Ngo-Anh
et al., 2005).
Subsequent work demonstrated that voltage-dependent
Kv4.2-containing channels (Kim et al., 2007) and voltage-depen-
dent Ca2+ channels in spines are also activated secondarily to
ionotropic glutamate receptors. Among these channels are
SNX-sensitive (peptide toxin SNX-482 derived from African
tarantula Hysterocrates gigas), R-type Ca2+ channels (Blood-
good and Sabatini, 2007). Using 2-photon laser photoactivation
of caged glutamate onto single spines, uncaging-evoked synap-
tic responses (uEPSPs) were measured at the soma. In addi-
tion, uncaging-evoked Ca2+ responses (D[Ca]uEPSPs) were
measured with Fluo-5F in the pipette using 2-photon laser scan-
ning microscopy. Under these conditions, in the presence of
SNX to block Cav2.3 Ca
2+ channels, the standard uncaging-
evoked stimulation, adjusted in voltage clamp to give a
10–15 pA response, yielded a larger uEPSP and associated
D[Ca]uEPSP compared to control cells. Importantly, in the pres-
ence of both apamin and SNX, the uEPSP and D[Ca]uEPSP
measurements were the same as those recorded in either SNX
or apamin alone, indicating that SNX-mediated blockade of
R-type channels occludes the SK-mediated inhibition of the
uEPSP and the D[Ca]uEPSP (Bloodgood and Sabatini, 2007).
Taken together, the results suggested that Ca2+ entry through
SNX-sensitive, R-type channels provides the Ca2+ for activating
synaptic SK2-containing channels. In addition, the boosting
effects of SNX on uncaging-evoked synaptic potentials and
spine Ca2+ transients were absent in hippocampal pyramidal
neurons from Cav2.3 null mice (Giessel and Sabatini, 2011). AsNeuron 81, 379–387, January 22, 2014 ª2014 Elsevier Inc. 379
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Figure 1. Boosting of EPSPs by SNX and Apamin Is Not Mutually
Exclusive
(A) Time course of the normalized EPSP amplitude (mean ± SEM) for baseline
in SNX and during wash-in of apamin as indicated above (n = 15). Inset shows
the average of 18 EPSPs taken from indicated shaded time points in SNX (time
point 1; 6 min baseline) and 14–20 min after coapplication of apamin (time
point 2); shaded areas are mean ± SEM. Scale bars, 1 mV and 25 ms.
(B) Plot of relative boosting of EPSPs by apamin in the presence of SNX versus
the initial EPSP in SNX. The line represents a least-square fit of the data to a
liner function.
(C) Similar to (A), except baseline in apamin and during wash-in of SNX (n = 21).
Insets: average EPSPs (±SEM, shaded areas) in apamin (time point 1) and after
coapplication of SNX (time point 2). Scale bars, 1 mV and 25 ms.
(D) Plot of relative boosting of EPSPs by SNX in the presence of apamin versus
the initial EPSP in apamin. The line represents a least-square fit of the data to a
liner function.
Neuron
Distinct Ca2+ Sources Couple to SK and Kv4previous results showed that synaptically evoked NMDAR activ-
ity is required to activate synaptic SK channels, we therefore
tested whether SNX occludes synaptically evoked activation of
apamin-sensitive SK channels in spines. We find that synaptic
stimulations reveal the presence of two Ca2+ signaling pathways
within the spine head, one that couples NMDARs with apamin-
sensitive SK channels and another that couples SNX-sensitive,
R-type Ca2+ channels with 4-Aminopyridine-sensitive (4-AP-
sensitive) Kv4.2-containing channels.
RESULTS
The Effects of Apamin and SNX Are Not Mutually
Exclusive
Subthreshold EPSPs, evoked by stimulating the Schaffer collat-
eral axons in stratum radiatum, were recorded in whole-cell
current clamped CA1 neurons in acute slices frommouse hippo-
campus. To measure the effects of SK channels, EPSPs were
recorded every 20 s before and after wash-in of apamin
(100 nM). As previously reported (Ngo-Anh et al., 2005) and re-
produced here, blocking SK channels with apamin increased
the peak EPSP to 167% ± 12% (n = 13, p < 0.001) of the control
baseline, and pretreatment of the cells with D(-)-2-Amino-5-380 Neuron 81, 379–387, January 22, 2014 ª2014 Elsevier Inc.phosphonovaleric acid (D-AP5) (50 mM) to block NMDARs
occluded the effect of apamin (101% ± 8%, n = 6).
To determine whether the effects of apamin and SNX were
mutually exclusive for synaptically evoked responses, SNX
(0.3 mM) was bath applied prior to apamin coapplication. Pre-
treating cells with SNX did not occlude the effect of subsequent
apamin application that increased the peak EPSP to 152% ± 6%
(n = 15, p < 0.001; Figure 1A) compared to baseline in SNX alone.
Also, in the presence of apamin, SNX application increased the
EPSPs to 157% ± 8% compared to baseline in apamin alone
(n = 21, p < 0.001; Figure 1C). The boosting of EPSPs by SNX
does not require preblock of SK channels by apamin; SNX in
the absence of apamin increased the EPSPs to 171.4% ±
10.9% compared to control (n = 8, p < 0.001), which was not
different from that observed with apamin pretreatment (p =
0.27). Similar results were obtained when NiCl2 (100 mM) was
used, which at low concentrations blocks R-type channels
(Myoga andRegehr, 2011; Soong et al., 1993). In cells pretreated
with Ni2+, apamin application increased EPSPs to 150% ± 13%
(n = 10, p < 0.05), while Ni2+ application to cells pretreated with
apamin increased EPSPs to 137%±10% (n = 6, p < 0.05). There-
fore, using synaptic stimulations, SNX or low concentrations of
Ni2+, and apamin independently increased EPSPs, and their
effects were not mutually exclusive.
Previously we showed that the apamin-induced enhancement
of EPSPs was independent of the initial EPSP size from 1.1 to
7.9 mV (Lin et al., 2010b). To further examine whether apamin
or SNX occlusion experiments were dependent on initial EPSP
size, the enhancement of EPSPs by apamin or SNX was plotted
against their initial EPSP amplitude (Figures 1B and 1D, respec-
tively). The range of initial EPSP size for examining SNX occlu-
sion of apamin in Figure 1A was from 0.8 to 3.8 mV. Fisher’s
r to z analysis of the EPSP increase by apamin in the presence
of SNX compared to the initial EPSP size in SNX yielded no cor-
relation. These results further demonstrate that SNX does not
occlude the apamin response even for small initial EPSP sizes
that are close to the average glutamate uncaging-evoked uEPSP
of 1 mV (Bloodgood and Sabatini, 2007). Additionally, the
enhancement of EPSP amplitude by SNX in the presence of apa-
min was independent of initial EPSP size (Figure 1D).
Different from previous studies of postsynaptic R-type Ca2+
channels that used glutamate uncaging, responses to synaptic
stimulation involve both presynaptic and postsynaptic compo-
nents. In addition to postsynaptic localization, R-type channels
may also be present in the presynaptic terminals (Parajuli et al.,
2012), where they may influence glutamate release (Gasparini
et al., 2001; Myoga and Regehr, 2011). To determine the effects
of presynaptic R-type Ca2+ channels on glutamate release
at Schaffer collateral to CA1 synapses, evoked excitatory post-
synaptic currents (EPSCs) were measured in voltage clamp
at 60 mV using the K-gluconate-based internal solution. As
control, the effect of apamin was also determined. Under these
conditions, both SNX and apamin increased the peak EPSC by
37.4% ± 6.3% (n = 9, p < 0.001) and 33.2% ± 11.9% (n = 12,
p < 0.05), respectively (Figures 2A and 2C). Total charge transfer
was similarly increased (Figures 2B and 2D).
Given that postsynaptic conductances may not be controlled
using a K+-based internal solution due to voltage escape in the
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Figure 3. Effect of SNX on Synaptic Transmission in Voltage Clamp
(A) Time course of the normalized charge transfer of the first EPSC (EPSC1;
mean ± SEM) for baseline and during wash-in of SNX (n = 10). Insets: average
of 15 paired EPSCs ± SEM (shaded areas) taken from indicated shaded time
points for baseline (time point 1) and 15–20 min after wash-in of SNX (time
point 2). Scale bars, 50 pA and 20 ms.
(B) Scatter plot of relative EPSC1 peak and charge in SNX compared to
baseline from the individual slices in (A). Horizontal bar reflects mean
response.
(C) Time course of the normalized charge transfer of the first EPSC (EPSC1;
mean ± SEM) for baseline and during wash-in of apamin (n = 5). Insets: average
of 15 paired EPSCs ± SEM (shaded areas) taken from indicated shaded time
points for baseline (time point 1) and 15–20 min after wash-in of apamin (time
point 2). Scale bars, 50 pA and 20 ms.
(D) Scatter plot of relative EPSC1 peak and charge in apamin compared to
baseline from the individual slices in (A). Horizontal bar reflects mean
response.
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Figure 2. SNX and Apamin Increase EPSCs Measured with a K+-
Based Internal Solution
(A) Time course of relative increase in peak EPSC by 0.3 mMSNX (mean ±SEM,
n = 9). Insets: average of 18 EPSCs ± SEM (shaded areas) taken from indicated
shaded time points for baseline (time point 1) and 14–20 min after wash-in of
SNX (time point 2). Scale bars, 10 pA and 5 ms.
(B) Scatter plot of relative EPSC peak and charge in SNX compared to baseline
from the individual slices in (A). Horizontal bar reflects mean response.
(C) Time course of relative increase in peak EPSC by 100 nM apamin (mean ±
SEM, n = 12). Insets: average of 18 EPSCs ± SEM (shaded areas) taken from
indicated shaded time points for baseline (time point 1) and 14–20 min after
wash-in of apamin (time point 2). Scale bars, 10 pA and 5 ms.
(D) Scatter plot of relative EPSC peak and charge in apamin compared
to baseline from the individual slices in (C). Horizontal bar reflects mean
response.
Neuron
Distinct Ca2+ Sources Couple to SK and Kv4dendrites, voltage clamp recordings of EPSCs were measured
using a Cs+-based internal solution. D600 (200 mM), QX-314
(3.35mM), and BAPTA (5mM) were added to the pipette solution
to block postsynaptic Ca2+, Na+ channels, and Ca2+-activated
conductances, respectively, and D-AP5 was added to the bath
solution to block NMDAR. Paired synaptic stimulations (50 ms
interval) were delivered to monitor probability of release as
measured by the peak and total charge transfer (area under
the EPSC) of the EPSCs. Under these conditions, SNX (Figures
3A and 3B) reduced the amplitude to 79% ± 5% (n = 10, p <
0.05) but not the charge transfer of the first EPSC (88% ± 6%
(n = 10, p = 0.12). The paired pulse ratios of EPSC peak and
charge transfer were not significantly changed (117% ± 17%
and 106% ± 10%, n = 10, respectively). In contrast, apamin
had no effect on EPSC peak (93%± 4%, n = 5) or charge transfer
(Figures 3C and 3D). The paired pulse ratios of EPSC peak and
charge transfer were also not affected by apamin (97% ± 6%
and 98% ± 8%, n = 5, respectively).
These results confirm that glutamate release determined from
EPSCs measured using the Cs+-based internal solution with
D600, QX-314, and BAPTA was not affected by apamin (Stack-
man et al., 2002) and that SNX, if anything, modestly decreasesrelease (Gasparini et al., 2001). Therefore, the increase in EPSPs
by SNX is postsynaptic and is not occluded by apamin, and vice
versa. Additionally, these results show that synaptic currents
measured in voltage clamp with a K+-based internal solution in
the absence of channel blockersmight be influenced by changes
in postsynaptic conductances.
One difference between the recording conditions used here
for evoked EPSP measurements and the previous work that
examined synaptic responses to uncaged glutamate is that, in
those previous experiments, cells were filled with Fluo-5F
(300 mM), a BAPTA-based fluorescent Ca2+ indicator, as well
as the Ca2+-insensitive fluorescent dye Alexa 594 (10 mM)
(Bloodgood and Sabatini, 2007). Therefore, it is possible that
the presence of 300 mM Fluo-5F, which would serve as a mobile
Ca2+ buffer (Kd = 2.3 mM), could alter the dynamics of Ca
2+
signaling within the spine head. To test this, cells were loaded
with the standard pipette solution containing Fluo-5F (300 mM)
and Alexa Fluor 594 (10 mM), and synaptically evoked EPSPsNeuron 81, 379–387, January 22, 2014 ª2014 Elsevier Inc. 381
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Figure 4. Boosting of EPSPs by SNX Is NMDAR Independent and
Ca2+ Dependent
(A) Time course of the normalized EPSP amplitude (mean ± SEM, n = 9) for
baseline in D-AP5 and apamin and during wash-in of SNX (see Figure 1A).
Inset: average of 18 EPSPs taken from indicated shaded time points in D-AP5
and apamin (time point 1) and 19–25 min after SNX wash-in (time point 2);
shaded areas are ±SEM. Scale bars, 1 mV and 50 ms.
(B) Scatter plot of relative EPSP peak in SNX compared to baseline in D-AP5
and apamin from the individual slices in (A). Horizontal bar reflects mean
response.
(C) Time course of the normalized EPSP amplitude (mean ± SEM, n = 10) re-
corded with 10 mM BAPTA in the internal solution, for baseline in apamin and
during wash-in of SNX (see Figure 1A). Inset: average of 18 EPSPs taken from
indicated shaded time points in apamin (time point 1) and 19–25 min after SNX
wash-in (time point 2); shaded areas are ±SEM. Scale bars, 0.5 mV and 50 ms.
(D) Scatter plot of relative EPSP peak in SNX compared to baseline in apamin
from the individual slices in (C). Horizontal bar reflects mean response.
Neuron
Distinct Ca2+ Sources Couple to SK and Kv4were examined for the effects of apamin and SNX. Under these
conditions, apamin still increased peak EPSPs (133% ± 14% of
control; n = 8, p < 0.05). Moreover, the effects of apaminwere not
occluded by SNX in the presence of the indicators; apamin still
increased EPSP peaks compared to baseline recorded in SNX
(140% ± 6%; n = 7, p < 0.05). These results show that the rela-
tively low concentration of the BAPTA-based Ca2+ indicator,
Fluo-5F, did not markedly alter the independent boosting effects
of apamin following SNX pretreatment.
The Boosting Effect of SNX Requires Ca2+ Influx
To determine whether Ca2+ influx through NMDARs is required
for the boosting effect of SNX, baseline EPSPs were recorded
in the presence of apamin and D-AP5 prior to application
of SNX. Under these conditions, SNX increased EPSPs to
142% ± 17% (n = 9, p < 0.05) (Figures 4A and 4B), suggesting
that Ca2+ influx through NMDARs is not necessary for SNX382 Neuron 81, 379–387, January 22, 2014 ª2014 Elsevier Inc.boosting of EPSPs and that Ca2+ influx through SNX-sensitive,
R-type Ca2+ channels is required for the boosting effect of
SNX on synaptically evoked EPSPs. To test whether an increase
in Ca2+ mobilization is required for SNX boosting of EPSPs,
BAPTA (5 mM) was included in the internal patch pipette solu-
tion. Under these conditions, SNX still increased the EPSPs to
142% ± 10% (n = 9, p < 0.01) in the presence of apamin.
Increasing the concentration of BAPTA in the patch pipette
solution to 10 mM blocked the increase in EPSP by SNX
(EPSP peak: 110% ± 8% compared to baseline in apamin alone;
n = 10) (Figures 4C and 4D). Therefore, an increase in Ca2+ mobi-
lization is required for the boosting of EPSPs by SNX, suggesting
that Ca2+ entry through SNX-sensitive, R-type Ca2+ channels is
necessary and that Ca2+ flowing into the spine head through
R-type channels works within a very short intermolecular
distance.
SNX Boosting of Synaptic Responses Requires Kv4.2-
Containing Channels
These results raise the question of how blockade of an inward,
depolarizing Ca2+ current increases EPSPs. In principle, Ca2+
entry may activate a Ca2+-dependent K+ current that repolarizes
the membrane potential, reducing EPSPs; blocking the Ca2+
source would boost EPSPs. However, the results presented
above argue against that being an apamin-sensitive SK channel.
There are three other types of Ca2+-dependent K+ channels. Big
conductance Ca2+-activated K+ (BK) channels, sensitive to
Iberiotoxin (IbTx), are expressed in CA1 pyramidal neurons
(Bloodgood and Sabatini, 2007), as are the as yet molecularly
unidentified Ca2+-dependent K+ channels underlying the slow
afterhyperpolarization (sAHP) (Gerlach et al., 2004; Madison
and Nicoll, 1984). The third class is the intermediate conduc-
tance Ca2+-activated K+ channel, a member of the SK family
that is not apamin sensitive but is blocked by the organic com-
pound 1-[(2-Chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-
34 [Wulff et al., 2000]) and has a very limited expression profile in
central neurons. To test whether any of these channel types are
coupled to Ca2+ entry through SNX-sensitive, R-type Ca2+ chan-
nels in CA1 pyramidal neurons, cells were pretreated with a
cocktail of blockers (apamin, 100 nM; IbTx, 100 nM; carbachol,
5 mM; TRAM-34, 1 mM) to block SK, BK, sAHP, and IK channels,
respectively. In the presence of this cocktail, SNX still increased
EPSPs to 163% ± 15% of baseline (n = 6, p < 0.05) (Figures 5A
and 5B).
How, then, does Ca2+ entry through SNX-sensitive, R-type
Ca2+ channels boost EPSPs? The 4-AP-sensitive, A-type K+
channels that contain Kv4.2 subunits are expressed in dendritic
spines on CA1 pyramidal neurons and influence dendritic excit-
ability and synaptic currents (Chen et al., 2006; Kim et al., 2007).
Although these channels are intrinsically voltage dependent,
native Kv4.2-containing channels are multiprotein complexes
that include the Ca2+ binding proteins, K+ channel interacting
proteins (KChIPs), as auxiliary subunits (Rhodes et al., 2004).
A recent report has shown that in cerebellar stellate cells, Ca2+
entry through T-type Ca2+ channels acting via KChIPs shifts A-
type channel availability to more negative potentials (Anderson
et al., 2010). A similar shift in CA1 would increase the number
of A-type channels available to open during an EPSP. Similarly,
A B
C D
Figure 6. 4-AP Occludes the Boosting Effect of SNX
(A) Time course of the normalized EPSP amplitude (mean ± SEM, n = 9) for
baseline in 4-AP and apamin and during wash-in of SNX (see Figure 1A). Inset
shows average of 18 EPSPs taken from indicated shaded time points in 4-AP
and apamin (time point 1) and 14–20 min after SNX wash-in (time point 2);
shaded areas are ±SEM. Scale bars, 1.0 mV and 25 ms.
(B) Scatter plot of relative EPSP peak in SNX compared to baseline in 4-AP
from the individual slices in (A). Horizontal bar reflects mean response.
(C) SNX does not block 4-AP-sensitive, A-type current (IA) measured in voltage
clamp. Slices were bathed in nominally Ca2+-free aCSF containing TTX (1 mM)
and Mn2+ (2 mM). In whole cell voltage clamp, A-type outward currents were
elicited with 1 s depolarization to 40 mV from a holding potential of 80 mV
followed by repolarization to 20 mV. Representative traces of outward cur-
rent in control (trace 1), subsequent addition of SNX (trace 2), and SNX plus
4-AP (trace 3). Inset: 4-AP-sensitive current in control (trace 1) and SNX
(trace 2). Scale bars, 1 nA and 20 ms.
(D) Scatter plot of individual slices for relative 4-AP-sensitive IA current in SNX.
Horizontal bar reflects mean response.
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Figure 5. Canonical KCa Channels Do Not Mediate the Boosting
Effect of SNX
(A) Time course of the normalized EPSP amplitude (mean ± SEM, n = 6) for
baseline in a cocktail of apamin, IbTx, TRAM-34, and carbachol, and during
wash-in of SNX (see Figure 1A). Inset shows average of 18 EPSPs taken from
indicated shaded time points in the cocktail of KCa blockers (time point 1) and
14–20 min after SNX wash-in (time point 2); shaded areas are ±SEM. Scale
bars, 0.5 mV and 25 ms.
(B) Scatter plot of relative EPSP peak in SNX compared to baseline in the
cocktail of KCa channel antagonists from the individual slices in (A). Horizontal
bar reflects mean response.
Neuron
Distinct Ca2+ Sources Couple to SK and Kv4the activity-dependent trafficking of Kv4.2 in CA1 requires
KChIPs (Lin et al., 2010a). To test whether SNX-sensitive,
R-type Ca2+ channels boost EPSPs via effects on 4-AP-sensi-
tive, A-type K+ channels, we obtained baseline recordings in
the presence of 4-AP (5 mM) and apamin prior to SNX applica-
tion. In this case, SNX did not boost the EPSPs, being 90% ±
5% compared to baseline (n = 9; Figures 6A and 6B). These re-
sults suggest that the SNX boosting of EPSPs reveals an under-
lying coupling between R-type Ca2+ channels and activation of a
4-AP-sensitive current such as the A-type K+ channel. Alterna-
tively, it is possible that SNX has off-target effects at 0.3 mM
and blocks 4-AP-sensitive, A-type channels. While this seems
unlikely (Newcomb et al., 1998), we examined the effects of
SNX (0.3 mM) on the 4-AP-sensitive, A-type transient outward
current measured in voltage clamp in CA1 neurons. Although
adequate voltage clamp control of CA1 neurons in slices is
unlikely, the relative effects of SNX on the 4-AP-sensitive current
can be used to qualitatively test whether SNX blocks the A-type
current. For these experiments, Ca2+-free artificial cerebrospinal
fluid (aCSF) was supplemented with Mn2+ (2 mM) and tetrodo-
toxin (TTX; 1 mM) to block voltage-gated Ca2+ and Na2+ chan-
nels, respectively. Under these conditions, depolarization from
80 to 40 mV revealed an outward current that was partially
blocked by 10 mM 4-AP (Figure 6C). Addition of SNX (0.3 mM)
prior to addition of 4-AP had little effect on the total current
and the 4-AP-sensitive component was not blocked by SNX (Fig-
ure 6C, inset). The average effect of SNX on the 4-AP-sensitive
current was 96.8% ± 2.0% (n = 8, p = 0.15; Figure 6D). Further-
more, SNX had no effect on the noninactivating, 4-AP-insensitive
component (102.1% ± 2.2%, p = 0.9). Thus, SNX does not block
the A-type current in CA1 pyramidal neurons. However, Kimm
and Bean (2013, SFN, abstract) reported that SNX-482 blocks
IA currents in cerebellar stellate cells (that contain primarilyKv4.3 channels) but not in cultured cerebellar granule cells
(that contain primarily Kv4.2 channels). While we showed that
SNX-482 does not block A-type current in hippocampal CA1
cells in voltage clamp and that dialysis with BAPTA occluded
the SNX boosting of EPSPs, we cannot rule out an effect of
SNX-482 on a subpopulation of Kv4 channels in CA1.
To determine whether the SNX boosting of EPSPs is mediated
by an A-type channel that contains Kv4.2 subunits, a Kv4.2 domi-
nant negative subunit, Kv4.2(W362F) (Kim et al., 2005), and
enhanced GFP (eGFP) were expressed in CA1 pyramidal neu-
rons using in utero electroporation of e16 embryos. Recordings
were performed at 4–6weeks of age. In eGFP-positive cells, SNX
application did not affect peak EPSPs, being 99% ± 7%
compared to baseline in apamin (n = 9; Figures 7A and 7B). As
a control, non-eGFP-positive cells were studied, and SNX
increased the EPSPs (159% ± 14%, n = 9, p < 0.01).Neuron 81, 379–387, January 22, 2014 ª2014 Elsevier Inc. 383
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Figure 8. SNX Boosting of EPSPs Requires Functional KChIPs
(A) Time course of normalized EPSP amplitude (mean ± SEM) for baseline in
control aCSF and duringwash-in of SNX in cells dialyzedwith KChIPs antibody
(closed symbols, n = 9) or LRP4 antibody (open symbols, n = 6).
(B) Representative average of 18 EPSPs dialyzed with KChIPs antibody taken
from indicated shaded time points in (A) for control (time point 1) and 14–20min
after SNX wash-in (time point 2); shaded areas are ±SEM. Scale bars, 0.5 mV
and 50 ms.
(C) Representative average of 18 EPSPs dialyzed with LRP4 antibody taken (1)
from indicated shaded time points for control and (2) 14–20 min after SNX
wash-in; shaded areas are ±SEM. Scale bars, 0.5 mV and 50 ms.
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Figure 7. Expression of Kv4.2(W362F) Abolishes the Boosting Effect
of SNX
(A) Recordings from cells expressing Kv4.2(W362F). Time course of the
normalized EPSP amplitude (mean ± SEM, n = 9) for baseline in apamin and
during wash-in of SNX (see Figure 1A). Inset shows average of 18 EPSPs taken
from indicated shaded time points in apamin (time point 1) and 14–20 min
after SNX wash-in (time point 2); shaded areas are ±SEM. Scale bars, 1 mV
and 50 ms.
(B) Scatter plot of relative EPSP peak in SNX compared to baseline in apamin
from the individual slices in (A). Horizontal bar reflects mean response.
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Distinct Ca2+ Sources Couple to SK and Kv4Finally, to test the hypothesis that KChIPs has an integral role
in the SNX boosting of EPSPs, CA1 neurons were dialyzed with a
pan-KChIPs antibody that has been shown to interrupt the
coupling between T-type Ca2+ channels and A-type K+ channels
in cerebellar stellate cells (Anderson et al., 2010). Dialysis of CA1
pyramidal neurons with the pan-KChIPs antibody (20 mg/ml)
occluded the boosting effect of SNX (105.7% ± 5.9%, n = 9,
p = 0.37; Figure 8A, closed symbols, and Figure 8B). As a control,
SNX boosting of EPSPs in CA1 neurons dialyzed with a similar
immunoglobulin G2a isotype antibody (lipoprotein-related pro-
tein 4 [LRP4]; 20 mg/ml) was 150.9% ± 13.6% (n = 6, p < 0.01;
Figures 8A and 8C). Additionally, the pan-KChIPs antibody did
not interfere with Ca2+ signaling for synaptic activation of SK
channels, as apamin boosting of EPSPs was 143.4% ± 15.3%
(n = 8, p < 0.05) in neurons dialyzed with the pan-KChIPs
antibody.DISCUSSION
The results presented here show that, in CA1 pyramidal neurons,
blocking either apamin-sensitive SK channels or SNX-sensitive
Ca2+ channels, presumably R-type, boosted synaptically evoked
EPSPs, and the effects of apamin and SNX were not mutually
exclusive. Preblocking NMDARs occluded the boosting of syn-
aptic potentials by apamin, but not that of SNX, suggesting
that Ca2+ entry through NMDARs is required for activation of syn-
aptic SK channels but is not required for the effects of SNX. The
boosting effect of SNX, on the other hand, required 4-AP-sensi-
tive Kv4.2-containing channels and KChIPs, suggesting that384 Neuron 81, 379–387, January 22, 2014 ª2014 Elsevier Inc.Ca2+ influx through R-type Ca2+ channels is coupled to the avail-
ability of Kv4.2-containing channels.
The results are in contrast to those obtained by 2-photon laser
uncaging of glutamate onto single spines, in which the increase
in uEPSPs was not different when SNX was present with or
without apamin in the bath (Bloodgood and Sabatini, 2007).
One advantage of glutamate uncaging is that presynaptic effects
on transmitter release are bypassed. It has been previously
reported at mossy fiber and associative-commissural synapses
on CA3 pyramidal neurons that Ca2+ channels sensitive to low
concentrations of Ni2+ contribute to glutamate release during
minimal synaptic stimulation (Gasparini et al., 2001). Similarly,
using a Cs+-based internal solution optimized to minimize K+,
Na+, Ca2+, and Ca2+ activated channels, SNX but not apamin
decreased the EPSCs measured in voltage clamp. In contrast,
if a K+-based internal solution without pharmacological blockers
of Na+ and Ca2+ channels is used, either apamin or SNX
increased the EPSCs measured in voltage clamp by 33% and
37%, respectively. Similarly, it has been shown that, in cultured
hippocampal neurons, 4-AP increased miniature EPSCs using a
K+-based internal solution and the increase was greater at a
holding potential of 60 mV compared to 80 mV (Kim et al.,
2007). These results suggest that the consequence of voltage
clamp escape is considerably greater when using a K+-based
internal solution to measure EPSCs and that the EPSCs contain,
in part, a postsynaptic outward current component. This may
influence results obtained by glutamate uncaging when the
uncaging laser power is adjusted to achieve a standard gluta-
mate-evoked EPSC at 60 mV for different bath conditions
using a K+-based internal solution (Bloodgood and Sabatini,
2007). Consequently, a lower amount of glutamate uncaging
may occur when SNX and/or apamin is in the bath, compared
to control solutions. Therefore, it is possible that the discrepancy
between our results and those of Bloodgood and Sabatini (2007)
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the uncaging laser strength under different bath conditions
where the neuron is not used as its own control. In contrast, syn-
aptically evoked glutamate release in which the neuron is used
as its own control for measuring the effects of apamin or SNX
revealed that SNX does not occlude the apamin-mediated
boosting of EPSPs.
Synaptic SK channel activity also has been shown to reduce
EPSPs in cortical Layer 5 pyramidal neurons. In response to
single synaptic stimulations, apamin boosted EPSPs and the
apamin effect was occluded by blocking NMDAR, L-type Ca2+
channels, R-type Ca2+ channels, or Ca2+ release from intracel-
lular stores, leading to the conclusion that all of these Ca2+ sour-
ces contributed to activating synaptic SK channels and blocking
any one of them was sufficient to occlude synaptic SK channel
activation. Interestingly, in the presence of nicardipine to block
L-type Ca2+ channels and SNX to block R-type Ca2+ channels,
synaptic SK channels were activated by a train of stimuli, pre-
sumably due to increased Ca2+ influx through NMDARs, espe-
cially late in the train (Faber, 2010). Thus, spine Ca2+ dynamics
may differ across different classes of synapses.
One central result from CA1 spines is that either by glutamate
uncaging or synaptic stimulations, blocking SNX-sensitive,
R-type Ca2+ channels boosts synaptic responses. The SNX
effect did not require Ca2+ influx through NMDARs but did
require a change in internal Ca2+, as SNX did not increase synap-
tic responses when BAPTA was included in the internal pipette
solution. Presumably, the source of Ca2+ is influx through
R-type channels. The finding that blocking an inward, depolariz-
ing Ca2+ current increased rather than decreased EPSPs
suggested that the effect ultimately might be mediated by sup-
pression of a Ca2+-activated K current. Yet, applying a cocktail
of blockers to eliminate the canonical Ca2+-activated K channels
(BK, SK, IK, and the sAHP channels) failed to occlude the SNX-
induced increase in EPSPs. In contrast, application of 4-AP did
occlude the SNX-induced increase of EPSPs, suggesting the
involvement of an A-type, voltage-gated K+ channel (IA). Kv4.2
subunits are a major component of IA in CA1 pyramidal neurons
(Chen et al., 2006; Kim et al., 2005), and our results showing that
expression of a Kv4.2 dominant negative abolishes the SNX
boosting strongly support the model that SNX-sensitive Ca2+
channels are tightly coupled to regulation of availability of a
Kv4.2-containing IA channel.
Kv4.2 subunits are components of a multiprotein complex that
includes the KChIPs (Rhodes et al., 2004), Ca2+ binding proteins
that influence surface expression levels and biophysical attri-
butes of Kv4-containing channels. Recently, it has been shown
that Kv4-containing channels in cerebellar stellate cells form
a molecular complex with T-type Ca2+ channels; Ca2+ influx
through mifebridil-sensitive, T-type Ca2+ channels maintains
the voltage dependence of availability of Kv4-containing chan-
nels in the physiological range, in a KChIPs-dependent manner.
Blocking T-type channels induced an 10 mV hyperpolarizing
shift in the voltage dependence of availability of IA (Anderson
et al., 2010). This shift was occluded by inclusion of 10 mM
BAPTA or a pan-KChIPs antibody in the patch pipette internal
solution, reflecting the close molecular proximity of Kv4-contain-
ing channels in complex with KChIPs and T-type channels. InCA1 pyramidal neurons, SNX-sensitive, R-type Ca2+ channels
are primarily expressed in dendritic spines (Bloodgood and
Sabatini, 2007) and, while the precise mechanism is not yet
established, the present results are consistent with a similar tight
coupling to Kv4-containing channels such that Ca
2+ influx
through R-type Ca2+ channels shifts the voltage dependence
of availability of Kv4-containing channels, allowing them to be
activated during synaptic transmission. Consistent with this
assertion is that dialysis with a pan-KChIPs antibody abolished
the boosting of EPSPs by SNX.
SK2-containing channels and Kv4.2-containing channels are
both expressed in dendritic spines on CA1 pyramidal neurons
and their activities limit synaptic responses. Both channel types
also undergo long-term-potentiation-dependent (LTP-depen-
dent) endocytosis, thereby contributing to the expression of
LTP, and their trafficking is regulated by direct phosphorylation
by protein kinase A (PKA; Cai et al., 2004; Kim et al., 2007;
Lin et al., 2008; Marino et al., 1998). The LTP- and PKA-depen-
dent endocytosis of Kv4.2-containing channels, but not their
contribution to basal synaptic responses, requires NMDAR
activity. In this regard, it is interesting that immuno-EM studies
demonstrate that SK2 is expressed in the PSD and shows a
similar synaptic distribution as seen for NMDARs, suggesting
a close anatomical arrangement (Lin et al., 2008). In contrast,
Kv4.2 immunoparticles were detected in postsynaptic spines
but not directly in the PSD (Kim et al., 2007). Indeed, this
extrasynaptic localization of Kv4.2 is similar to the predomi-
nantly extrasynaptic localization of Cav2.3 (Parajuli et al.,
2012). Taken together with the ability of 10 mM BAPTA in the
pipette solution to block the effect of SNX, these results
suggest that Kv4.2-containing channels and SNX-sensitive,
R-type Ca2+ channels are closely coupled at extrasynaptic sites
in spines. The colocalization of SK2-containing channels and
NMDARs to the PSD and Kv4.2-containing channels and
R-type Ca2+ channels to extrasynaptic sites therefore defines
two Ca2+ signaling sources within spines. Interestingly, in the
dendrites of CA1 pyramidal neurons, SK and Kv4-containing
channels serve complementary roles in shaping the time course
and extent of branch-specific dendritic excitability (Cai et al.,
2004). Thus, SK channels and Kv4.2-containing channels may
serve synergistic roles in regulating synaptic responses, the
induction and expression of synaptic plasticity, and dendritic
integration.
Many previous studies have concluded that fast excitatory
transmission reflects glutamate receptor activation, as blocking
a-amino-3-hydroxy-5-methyl-4-isozazolepropionic receptors
and NMDARs abolished the excitatory postsynaptic response.
However, the present results demonstrate a large contribution
from two types of K+ channels. Indeed, apamin and SNX
each boosted synaptic responses, and the lack of occlusion
demonstrates that their combined contribution approximately
doubles the EPSPs. Thus, together these two synaptic K+
channels reduce the depolarizing component of EPSPs by
at least 50%, suggesting that signaling cascades that alter
their activities might potently regulate excitatory transmission.
For example, cholinergic signaling in hippocampus by musca-
rinic acetylcholine receptors, previously thought to boost
EPSPs and facilitate the induction of LTP by increasingNeuron 81, 379–387, January 22, 2014 ª2014 Elsevier Inc. 385
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Markram and Segal, 1990), has recently been shown instead
to decrease SK channel activity, leading to increased excitatory
responses and LTP (Buchanan et al., 2010; Giessel and
Sabatini, 2010). It is also important to note that, in addition to
the influence of repolarizing K+ currents, Ca2+-activated Cl
channels (transmembrane protein 16B) that are closely coupled
to NMDARs similarly dampen EPSPs (Huang et al., 2012),
adding to the inhibitory repertoire that modulates synaptic
signals.
EXPERIMENTAL PROCEDURES
Slice Preparation
All procedures were done in accordance with federal guidelines and were
approved by the institutional review board at Oregon Health & Science Univer-
sity. Hippocampal slices were prepared from C57BL/6J mice from postnatal
week 4–6. Animals were anesthetized by isofluorane and decapitated. The
cerebral hemispheres were quickly removed and placed into cold aCSF equil-
ibrated with 95% O2/5% CO2. Hippocampi were removed, placed onto an
agar block, and transferred into a slicing chamber containing sucrose-aCSF.
Transverse hippocampal slices (300 mm) were cut with a Leica VT1000s,
transferred into a holding chamber containing regular aCSF (125 mM NaCl,
2.5 mM KCl, 21.4 mM NaHCO3, 1.25 mM NaH2PO4, 2.0 mM CaCl2, 1.0 mM
MgCl2, and 11.1 mM glucose), and equilibrated with 95% O2/5% CO2. Slices
were incubated at 35C for 30–45min and then recovered at room temperature
(22C–24C) forR1 hr before recordings were performed.
In Utero Electroporation
Timed-pregnant mice were anesthetized with isofluorane, their abdominal
cavity was cut open, and the uterine horns/sac were exposed. Approximately
2 ml of DNA solution (2 mg/ml) was injected into the lateral ventricle of
e16 embryos, using a glass pipette pulled from thin-walled capillary glass
(TW150F-4; World Precision Instruments) and a Picospritzer III microinjection
system (Parker Hannifin). The head of each embryo within its uterine sac was
positioned between tweezer-type electrodes (CUY650P10; Sonidel), and five
square electric pulses (50 V; 100 ms; 1 s intervals) were passed using an elec-
troporator (CUY21; Sonidel). After electroporation, the wall and skin of the
abdominal cavity of the pregnant mouse were sutured closed and embryos
were allowed to develop normally.
Electrophysiology
Slices were perfused with aCSF equilibrated with 95% O2/5% CO2 at a flow
rate of 1 ml/min. All experiments were performed at room temperature
(22C–24C). CA1 pyramidal cells were visualized with infrared-differential-
interference contrast optics (Zeiss Axioskop 2FS) and a charge-coupled
device camera (Sony). Whole-cell patch-clamp recordings were obtained
from CA1 pyramidal cells using an Axopatch 1D (Axon Instruments) interfaced
to an ITC-16 analog-to-digital converter (Heka Instruments) and transferred
to a computer using Patchmaster software (Heka Instruments). Patch
pipettes (open pipette resistance, 2.5–3.5MU) for EPSPswere filled with either
a K-gluconate internal solution containing 133 mM K-gluconate, 4 mM KCl,
4 mM NaCl, 1 mM MgCl2, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), 4 mM MgATP, 0.3 mM Na3 guanosine triphosphate
(Na3GTP), and 10 mM K2-phosphocreatine (pH 7.3) or a KMeSO4 internal
solution containing 140 mM KMeSO4, 8 mM NaCl, 1 mM MgCl2, 10 mM
HEPES, 5 mM MgATP, 0.4 mM Na3GTP, and 0.05 mM EGTA (pH 7.3). EPSPs
were recorded in whole-cell current-clamp mode. Input and access resis-
tances were monitored with a 25 pA hyperpolarizing step applied at the end
of each trace. All current clamp recordings used cells with a stable input resis-
tance (range: 130–300 MU) and access resistance (range: 15–25 MU) that did
not change by more than 20%. All recordings were from cells with a resting
membrane potential between 70 and 60 mV. A bias current was applied
to maintain the membrane potential at 65 mV. Series resistance was not
electronically compensated. For EPSC recordings in voltage clamp mode,386 Neuron 81, 379–387, January 22, 2014 ª2014 Elsevier Inc.patch pipettes were filled with a Cs+-based solution containing 130 mM
CsMeSO4, 10 mM CsCl, 10 mM HEPES, 0.4 mM Na3GTP, 2 mM MgATP,
10 mM Tris-phosphocreatine, 3.35 mM QX-314, 0.2 mM D600, and 5 mM
BAPTA (pH with CsOH to 7.2). Series resistance was not electronically
compensated. Input resistance was monitored with a 5 mV hyperpolarizing
step applied at the beginning of each trace. All voltage-clamp recordings
used cells with a stable input and access resistances that did not change by
more than 20%. For whole cell recording of A-type outward K+ currents, patch
pipettes were filed with 120 mM K-gluconate, 20 mM KCl, 10 mM HEPES,
0.2 mM EGTA, 8 mM NaCl, 4 mM MgATP, 0.3 mM Na3GTP, and 14 mM
Tris-phosphocreatine (pH 7.3). For whole-cell recording of A-type currents,
the series resistance was 80% compensated. Input resistance was moni-
tored with a 5 mV hyperpolarizing step applied at the beginning of each trace.
All voltage-clamp recordings used cells with a stable input and access resis-
tances that did not change by more than 20%.
Synaptic Stimulation
Presynaptic axons in stratum radiatum were stimulated using capillary glass
pipettes filled with aCSF, with a tip diameter of 5 mm, connected to an Iso-
Flex stimulus isolation unit (A.M.P.I.). Stimulation electrodes were placed
at 100 mm from the soma and 20 mm adjacent to the dendrite of the re-
corded cell. Gamma-aminobutyric acid (GABA)ergic blockers SR95531
(2 mM) and CGP55845 (1 mM) were present to reduce GABAA and GABAB
contributions, respectively. To prevent epileptic discharges in the presence
of GABAergic blockers, the CA3 region was microdissected out before
recording. The input resistance was determined from a 25 pA hyperpolarizing
current injection pulse given 500 ms after each synaptically evoked EPSP.
Subthreshold EPSPs were elicited by 100 ms current injections that were
approximately one-third of the stimulus required for evoking an action
potential. All recordings used cells with a resting membrane potential less
than 60 mV that did not change by more than 2 mV during an experiment
and with a stable input resistance that did not change by more than 20%.
Data Analysis
Data were analyzed using IGOR (WaveMetrics). Data are expressed asmean ±
SEM. Paired t tests or Wilcoxon-Mann-Whitney two-sample rank test was
used to determine significance; p < 0.05 was considered significant.
Pharmacology
Apaminwas fromCalbiochem; D-AP5, QX314, SR95531, and CGP55845 were
from Tocris Cookson; SNX-482 was from Peptides International; IbTx and
TRAM-34 were from Alomone; and carbachol and 4-AP were from Sigma.
Pan-KChIPs (K55/82) and LRP4 (N207/27) antibodies were obtained from
UC/Davis Neuromab Facility (Antibodies Incorporated).
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